Preceded by a short discussion of the motives for using permanent magnets in accelerators, a new type of permanent magnet for use in accelerators is presented.
Introduction
Permanent magnet systems that use no steel, but only Charge Sheet Equivalent Material (CSEM) 1 have a number of unique advantages compared to hybrid systems that use both CSEM and steel. The most important of these is probably the possibility to embed the permanent magnet into an external field, with linear superposition of fields everywhere. When re- sults of that work, and the related properties of this hybrid quadrupole, will be summarized below. While the subject of this discussion is the quadrupole, it will be clear that practically all of this information is applicable, after a suitable "translation,' to other multipole magnets, or combined function magnets. Since it is the author's experience that the major reasons for using permanent magnets are not always as clearly understood as they ought to be, a short discussion of this topic will precede the listing of the quadrupole properties. about electromagnets (like necessary pole width to achieve a given field quality, saturation effects, etc.) is directly applicable to the design of hybrid quadrupoles.
Motivations
As in an electromagnet, the allowed harmonics are n = 2, 6, 10, 14 . . . This is true even when the outer ring has been rotated, since that does not violate invariance of the total geometry under rotation by 90°.
When the outer ring, with the attached CSEM is rotated, two mechanisms exist that can produce a skew quadrupole component: A) The field distribution in the outer part of the steel pole can be quite asymmetric, producing, through iron saturation, a skew quadrupole component.
It is, however, possible to design the quadrupole such that the field in the outer part of the steel pole is so weak that the associated large permeability reduces the resulting skew quadrupole strength beyond any point of concern.
B) The CSEM generates fields directly in the vacuum region between the poles that violate the regular field symmetry.
The thusly generated skew quadrupole is, however, so small (typically less than 10-4 of the strength of the regular quadrupole) that compensation is not necessary, though easily achievable.
As was outlined in section 2, permanent magnet structures are very advantageous when they are small. The converse is also true: The volume V of CSEM in a hybrid quadrupole depends on the gradient B', aperture radius r, and remanent field Br in roughly the The value of y3 is usually set so that the total amount of CSEM is minimized. Contrary to frequently described general rules about CSEM volume minimization, this minimization is achieved when Hy in CSEM block 2 is somewhat less than half the coercive field Hc. Since one is close to the optimimum with this general kind of choice, the exact value of y3 is not very critical.
The CSEM ring is, for economic reasons, assembled from uniformly magnetized blocks. Their thickness in the radial direction, and the gap between that CSEM and the steel pole, are determined by the desired range of strength adjustment, and, usually, also to minimize the total amount of CSEM.
In this case, H in the CSEM should be (again contrary to often stated general rules) somewhat larger than .5HC .
Under some circumstances, it is advantageous to split the CSEM ring into two rings, with the inner ring permanently attached to the steel pole. Details of this special design will be discussed in a future paper.
The distance x 4-x3 is used to give the total magnet the desired strength, and x 6-x5 is chosen so that saturation of the steel ring is sufficiently small.
The angle a has a pronounced effect on both saturation of the steel in the region behind the pole, the overall size of the magnet, and the total amount of CSEM. Since the relative importance of these qualities is usually very different for different magnets, the optimum value of a is selected by "brain-judgement" from a Direct field errors can be characterized by two unique, geometry-independent and analytically calculable, patterns of harmonics, and in the whole quadrupole there are 8 strength factors associated with these two patterns.
By measuring the harmonic content of the field distribution, it is very easy to extract all relevant strength parameters, and to apply corrective measures.
Computer runs have been made to evaluate the field errors that are caused by some specific CSEM errors in a specific, but typical, geometry.
As mentioned in Section 3, the skew quadrupole component caused by rotation of the steel-CSEM ring is typically less than 10-of the regular quadrupole field, and is easily correctable if necessary. Also investigated were the effects of a 50 error in easy axis orientation of block 1 in Fig. 2 , and of a gap between the top of block 1 and the steel. The size of the gap was 10% of the aperture radius, and all the direct field error harmonics produced by the above perturbations were less than .1% of the quadrupole strength at the aperture radius. The effects of equivalent errors on block 2 were considerably smaller. The indirect field errors were smaller than 3% and are very easily correctable. Indirect field errors caused by errors in magnetization strength can be easily avoided by measuring the dipole moment of every block and then placing blocks appropriately in the magnet. Higher order adjustable strength permanent multipole magnets, like sextupoles, octupoles, etc., can obviously also be made with the same basic concept evident in the quadrupole.
The described design procedure of such a magnet would be nearly identical to that of a quadrupole. The tolerance theory would be patterned after that theory for the quadrupole. It would not be more complex, only lengthier.
